To evaluate the relationship between retinal nerve fiber layer (RNFL) thickness measured by optical coherence tomography (OCT) and the axial length/refractive error of the eye.
One of the potentially blinding ocular diseases associated with myopia is glaucoma, which is characterized by progressive degeneration of retinal ganglion cells. An important approach to detecting early structural change in glaucoma is based on assessment of the retinal nerve fiber layer (RNFL). Numerous studies have confirmed that RNFL measurement is sensitive for detection of glaucoma, and the extent of RNFL damage correlates with the severity of functional deficit in the visual field. [5] [6] [7] Although RNFL thinning is indicative of glaucomatous damage, it remains uncertain whether RNFL thickness would vary with the refractive status of the eye. It is therefore important to investigate whether any correlation exists between RNFL measurements and axial length/refractive error in myopia, with regard to the observation that the risk of development of glaucoma is increased with an increasing degree of myopia. 8, 9 The optical coherence tomographer (OCT) is a modern imaging device designed to measure the RNFL in a noncontact and noninvasive manner. With the high axial scanning resolution (Ͻ10 m) provided with the latest model of OCT (StratusOCT; Carl Zeiss Meditec Inc., Dublin, CA), RNFL measurements have been reliable and reproducible. 10 -12 The purpose of this study was to investigate the relationship between myopia and RNFL thickness measured by OCT.
METHODS

Subjects
One hundred thirty-eight healthy Chinese subjects with myopia who met the inclusion criteria were recruited. All subjects were examined in the Hong Kong Eye Hospital during the recruitment period from October 2005 to April 2006. All subjects underwent a full ophthalmic examination including visual acuity, refraction, intraocular pressure measurement with Goldmann tonometry, dilated fundus examination with stereoscopic biomicroscopy of the optic nerve head under slit lamp, indirect ophthalmoscopy, refraction, and A-scan ultrasound biometry. Other than refractive error, all included eyes had no concurrent disease and had best corrected visual acuity of at least 20/40. Subjects were divided into two diagnostic groups, according to refractive error: high myopia (spherical equivalent, Ͻ Ϫ6.00 D) and low to moderate myopia (spherical equivalent between Ϫ0.50 D and Ϫ6.00 D). Subjects with spherical equivalent more than Ϫ0.5 D, clinical evidence of glaucoma, myopic macular degeneration, peripapillary atrophy extending Ͼ1.7 mm (the radius of the OCT RNFL scan) from the center of the disc, intraocular pressure Ͼ21 mm Hg, visual field defects, intraocular surgery, refractive surgery, neurologic diseases, or diabetes were excluded. OCT was performed in one randomly selected eye. The study was conducted in accordance with the ethical standards stated in the Declaration of Helsinki and was approved by the local clinical research ethics committee, with informed consent obtained.
OCT Imaging
OCT was performed with OCT version 3 (StratusOCT, Carl Zeiss Meditec Inc.) RNFL thickness was measured with the fast RNFL (3.4) (256 A-scans) scanning protocol. Average measurements of three sequential circular scans of diameter 3.4 mm centered on the optic disc were recorded. The RNFL with its high reflectivity signal can be visualized as the first layer in red on the scan. Its thickness is determined by the difference in distance between the vitreoretinal interface and a posterior border, based on a predefined reflectivity signal level. All the scans had signal strength of at least 7. To avoid potential measurement error when scanning over the area of peripapillary atrophy, we excluded 18 myopic eyes with peripapillary atrophy extending more than 1.7 mm from the center of the optic disc.
Parameters including average RNFL thickness and mean RNFL thickness in each clock hour were generated automatically in the analysis report of the StratusOCT. These measurements were aligned based on the right eye orientation. The superior clock hour was 12 o'clock and the others were assigned accordingly in a clockwise manner in the right eye and counterclockwise in the left.
Visual Field Testing
Standard visual field testing was performed with static, automated, white-on-white threshold perimetry (program 24-2, Humphrey Field Analyzer II; Carl Zeiss Meditec). A visual field was defined as reliable when fixation losses and false-positive and false-negative rates were less than 25%. A visual field defect was defined as having three or more significant (P Ͻ 0.05) non-edge-contiguous points with at least one at the P Ͻ 0.01 level on the same side of the horizontal meridian in the pattern deviation plot and classified as outside normal limits in the glaucoma hemifield test. Five subjects were not included because of repeatable visual field defects. After 18 eyes with extended peripapillary atrophy and 5 eyes with repeatable visual field defects were excluded, 115 eyes were included in the analysis.
Statistical Analysis
Statistical analyses were performed with commercially available software (SPSS ver. 11.0; SPSS Inc, Chicago, IL). The total average and mean clock hour RNFL measurements between high myopia and lowto-moderate myopia groups were compared by using an independent t-test. Correlations between RNFL thicknesses and axial length-refractive error were examined by linear regression analysis and expressed as the Pearson coefficient of correlation (r). P Ͻ 0.05 was considered statistically significant.
RESULTS
One hundred fifteen myopic eyes of 115 subjects were analyzed. The mean age, axial length, and spherical equivalent were 35.9 Ϯ 9.6 years (range, 22-60), 26.08 Ϯ 1.33 mm (range, 22.73-28.79), and Ϫ7.31 Ϯ 3.04 D (range, Ϫ0.75 to Ϫ13.88), respectively. Significant correlation was found between the axial length and the spherical equivalent (r ϭ Ϫ0.778, P Ͻ 0.001). Table 1 presents the characteristics of the high myopia (spherical equivalent Ͻ Ϫ6.0 D, n ϭ 75) and low-to-moderate myopia (spherical equivalent between Ϫ6.0 D and Ϫ0.5 D, n ϭ 40) groups. No significant age difference was found between the groups, and age did not correlate significantly with axial length (P ϭ 0.195), spherical equivalent (P ϭ 0.410), visual field mean deviation (MD; P ϭ 0.683)/pattern standard deviation (P ϭ 0.116), or the average RNFL thickness (P ϭ 0.681). The visual field MD of the high myopia group was Ϫ1.08 Ϯ 1.08 dB, which was worse than that of the low-tomoderate myopia group (Ϫ0.61 Ϯ 1.04 dB, P ϭ 0.026). The visual field MD correlated significantly with average RNFL thickness (r ϭ 0.242, n ϭ 115, P ϭ 0.009). The average RNFL thickness in highly myopic eyes was 100.69 Ϯ 10.36 m, which was significantly thinner than that in low-to-moderately myopic eyes (107.49 Ϯ 12.74 m; P ϭ 0.003). Analyses at individual clock hours showed that the high myopia group had significantly lower RNFL measurements at 12, 1, and 7 o'clock than did the low-to-moderate myopia group (P Ͻ 0.05; right eye orientation; Table 2 ) and the respective RNFL profiles are Figure 1 . A double-hump pattern, with peaks over the superotemporal (11 o'clock) and inferotemporal (7 o'clock) sectors and troughs over the nasal (3 o'clock) and temporal (9 o'clock) sectors, was observed in both groups. The average RNFL thickness decreased with the axial length/negative spherical equivalent, with coefficients of correlation of Ϫ0.314 (P ϭ 0.001) and 0.291 (P ϭ 0.002), respectively (Fig.  2 ). Significant correlations between RNFL thickness and axial length/spherical equivalent were found in each clock hour except in the temporal sector (8 -11 o'clock; Table 3 ). A subgroup analysis including only young subjects with age ranging from 25 to 29 (n ϭ 36) was also performed. (This age range was selected because it constituted the highest proportion of subjects: 36/115, or 31.3%, in the study group.) A similar correlation profile was evident with r ϭ Ϫ0.569 (P Ͻ 0.001) and 0.542 (P ϭ 0.001) for the association between average FIGURE 1. RNFL profiles of the high myopia group (n ϭ 75) and the lowto-moderate myopia group (n ϭ 40). Significant differences were found at 12, 1, and 7 o'clock (righthand orientation).
FIGURE 2.
Scatter plots of the average RNFL thickness against the axial length (a) and the spherical equivalent (b).
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RNFL thickness and axial length and spherical equivalent, respectively (Table 4 ). Figure 3 presents the proportion of eyes identified as abnormal based on the normative database provided in StratusOCT. The RNFL measurement is classified as "outside normal limits" (signal in red) if it is below the 99% confidence interval of the age-matched RNFL thickness normogram. Values falling between the 95% and 99% confidence intervals are classified as "borderline" (signal in yellow). RNFL measurement at 2 o'clock (superonasal sector) was the location most frequently classified outside normal limits. Of the myopic eyes, 16.5% and 28.7% were identified as outside normal limits and borderline, respectively, at 2 o'clock (Fig. 3a) . More eyes were classified as abnormal in the high myopia group than in the low-to-moderate myopia group (Figs. 3b 3c) .
DISCUSSION
In this OCT study, we found that RNFL measurements were lower in highly myopic eyes than in eyes with low to moderate myopia, and there was a linear correlation between RNFL thickness and axial length/spherical equivalent. Previous investigations on the relation between RNFL and refractive error have been essentially based on scanning laser polarimetry (SLP) without customized corneal birefringence compensation, and the findings have been equivocal. 13, 14 Ozdek et al. 13 studied 85 subjects with myopia (age range, 7-83 years) with mean spherical equivalent of Ϫ4.56 Ϯ 2.72 D using the first generation of SLP (NFA-I, NFA version 2.1.17; Diagnostic Technologies, San 5 D) . However, no correlation was found between axial length and any of the GDx parameters. In the imaging study by Bowd et al. 15 in a group of 155 subjects (age range, 23.0 -80.8 years; refractive error Ϫ5.0 to ϩ5.0 D), it was concluded that refraction is not associated with any of the RNFL parameters measured by GDx or OCT (OCT1; Carl Zeiss Meditec, Inc.). In a recent study, Hoh et al. 16 also reported no correlation between axial length/spherical equivalent and the mean peripapillary RNFL measured by OCT1. Of note, Bozhurt et al. 17 showed that the average RNFL thickness measured by GDx in myopic eyes (n ϭ 41; age range, 7-66 years; mean spherical refractive error ϭ Ϫ12.5 Ϯ 3.5 D; range, Ϫ7.50 to Ϫ22.00 D) was significantly higher than the age-matched healthy control eyes (mean spherical refractive error ϭ Ϫ0.25 Ϯ 0.50 D). The discrepancy was attributed to the high scleral reflectivity as a result of peripapillary chorioretinal atrophy associated with high myopia, which led to an apparent increase in retardation values.
Compared with OCT 1/2000, StratusOCT (both Carl Zeiss Meditec, Inc.) provides superior image quality and allows higher axial and transverse resolution scanning of the RNFL. It has been shown that poor-quality RNFL images are significantly more likely to be obtained with the OCT 1/2000 than with the StratusOCT. 18 The diagnostic sensitivity for detecting RNFL change in glaucoma is also higher with the StratusOCT than with OCT 1/2000. 18 Therefore, we believe the relationship between RNFL and refractive error could be assessed with higher accuracy by StratusOCT compared with the findings in previous studies. The collection of a relatively large number of highly myopic eyes (75 eyes had spherical equivalent Ͻ Ϫ6.0 D) in this study also allowed a better characterization in this relation. Our findings demonstrated a clear association between RNFL thickness and refractive error/axial length. The reduction of RNFL thickness with increasing axial length could be explained by the observation that there is increased scleral and retinal thinning in myopia. 19, 20 In myopic eyes, the elongation of the globe leads to mechanical stretching and thinning of the retina. Therefore, it is conceivable that the extent of the elongation would be related to the degree of retinal thinning, although it is yet to be ascertained whether the RNFL thickness is decreased at the histologic level.
Population-based studies indicate that the risk of glaucoma increases with the increasing degree of myopia. The Blue Mountains Eye Study found a strong relationship between open-angle glaucoma and myopia, with an odds ratio of 2.3 in eyes with low myopia (between Ϫ1.0 and Ϫ3.0 D) and 3.3 in eyes with moderate-to-high myopia (Ͻ Ϫ3.0 D). 8 A large population-based study in Sweden with Ͼ32,000 subjects also identified myopia as an important risk factor for glaucoma. 9 Although the mechanisms responsible for the link between glaucoma and myopia are poorly understood, it has been postulated that the optic nerve head in myopic eyes may be structurally more susceptible to glaucomatous damage because of the changes in connective tissue structure and arrangement. 21, 22 As the integrity of RNFL is a recognized surrogate for glaucomatous change, the finding of decreasing RNFL thickness with increasing myopia supports the conclusions of these population-based studies. On the one hand, the increased risk of development of glaucomatous change may be related to the already reduced RNFL thickness in myopic eyes. On the other hand, the reduced RNFL thickness in myopia may itself represent a risk factor for development of glaucoma. The lower RNFL measurement in highly myopic eyes would therefore translate to a higher risk. Further studies with longitudinal follow-up would be useful to address this question fully.
In this study, weak but significant correlations were also recorded between the visual field MD and the axial length (r ϭ Ϫ0.197, P ϭ 0.035)/spherical equivalent (r ϭ 0.222, P ϭ 0.017; Table 1 ). Several explanations have been proposed for the reduction in visual field sensitivity in myopia. 23 Retinal stretching in axial elongation may widen photoreceptor spacing and induce distortion of photoreceptors, resulting in decreased sensitivity to light stimulus. Reduced visual sensitivity may also be due to the relative scotoma induced by fundus ectasia. We found that the observed decline of visual sensitivity in myopia could also be related to the reduction in RNFL (r ϭ 0.242, P ϭ 0.009). Understanding this structure-function relationship may be important in unraveling the specific pattern of glaucomatous change in myopic subjects.
It remains unclear whether age could influence the thickness of the RNFL. Although some in vivo imaging studies have found significant correlations between age and the average RNFL thickness, 24 -26 others have reported different results. [27] [28] [29] Funaki et al. 27 showed that RNFL thickness measured by SLP did not correlate significantly with age. Using StratusOCT, Ramakrishnan et al. 28 reported no correlation between age and RNFL thickness. In a recent study, Salchow et al. 29 also found age had no correlation with RNFL thickness as measured by StratusOCT after adjustment for refraction. All these studies were limited by cross-sectional design, and the potential confounding effect of refractive error was not considered in most studies. Although we did not find any association between age and RNFL thickness, we repeated the correlation analysis including only young subjects (25-29 years; n ϭ 36), to minimize the potential confounding effect of age, and we found the same pattern of correlations. Apart from the temporal clock-hour RNFL thicknesses, for which no association with axial length/spherical equivalent was found, a higher coefficient of correlation was evident in each of the clock-hour RNFL measurements (Table 4 ).
An age-matched normative database consisting of 328 normal subjects of different ethnicity is available in the analysis package in StratusOCT and provides information on the normal limits of RNFL thickness. 12 This normative database was designed to provide a useful diagnostic aid in the detection of ocular disease involving RNFL. Jeoung et al. 30 have shown that the localized nerve fiber defect identified by this normative database had good agreement with that by red-free photographs in Asian eyes. However, the validity of applying this database to healthy subjects with myopia has not been verified. In this study, a considerable proportion of myopic eyes were classified outside normal limits on the nasal sectors (from 12 to 6 o'clock) based on this normative database. Ten percent of low-to-moderately myopic eyes were classified outside normal limits at 2 o'clock (superonasal sector) and the proportion increased to 20% in the high myopia group. Therefore, the normative database may not be reliable when analyzing RNFL in myopic subjects, and refractive error should always be considered in the interpretation of RNFL measurements. More data on RNFL measurements in myopia should be collected to refine the confidence limits in the current OCT normative database. It would also be of interest to examine whether there is any difference in RNFL measurements between Asian and non-Asian myopic eyes.
The default axial length in every OCT scan is 24.46 mm, and the scanning radius for the fast/standard RNFL scanning pro-
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tocol is fixed at 1.7 mm. Although one can input the patient's axial length and refractive correction in OCT, it has no impact on the magnification during scanning. Therefore, the actual scanning radius in a myopic eye could be longer than 1.7 mm due to the magnification effect. The relationship between the measurement of the OCT image and the size of the actual fundus dimension can be expressed as t ϭ p ⅐ q ⅐ s, where t is the actual fundus dimension, s is the measurement on OCT, p is a magnification factor related to the camera of the OCT imaging system, and q is a magnification factor related to the eye. 31 The correction factor q (in millimeters per degree) can be determined with the formula q ϭ 0.01306(x -1.82), where x is the axial length. 32 Therefore, the actual scanning radius in an eye of axial length 28.79 mm (the longest axial length in our series) would be: 1.7 ϫ [0.01306(28.79 Ϫ 1.82)]/ [0.01306(24.46 -1.82)] ϭ 2.0 mm. Although the actual scanning radius is longer than 1.7 mm, it may not suggest that the RNFL is being measured farther from the disc margin. It is because the optic disc size may also increase with myopia. 33, 34 In summary, RNFL thickness decreases with the axial length and negative spherical equivalent of the eye. Although both highly and low-to-moderately myopic eyes have similar doublehump RNFL profiles, highly myopic eyes have significantly lower RNFL thickness than do low-to-moderately myopic eyes. As corrections for refractive error and axial length in the measurement of RNFL have not been incorporated in the StratusOCT, RNFL measurements should be interpreted carefully in myopic subjects and should not just rely on the normative database.
